Chloroplast phosphofructokinase from spinach (Spinacia oleracea L.) was purified approximately 40-fold by a combination of fractionations with ammonium sulfate and acetone foUlowed by chromatography on DEAE-Sephadex A-50. Positive cooperative kinetics was observed for the interaction between the enzyme and the substrate froctose 6-phosphate. The optimum pH shifted from 7.7 toward 7.0 as the fructose 6-phosphate concentration was taken below 0.5 mM. One of the early examples of an enzyme with allosteric regulatory properties is the glycolytic enzyme PFK3 (ATP: Dfructose-6-P 1-phosphotransferase, EC 2.7.1.11) (3, 16, 18) , and investigations of this enzyme from a variety of plant tissues have established that the higher plant PFK is no exception: commonly reported properties include positive and negative cooperativity toward the substrate fructose-6-P, inhibition by ATP when the concentration of this substrate exceeds that of Mg2+, and allosteric regulatory influences by at least 10 metabolites, most notably P-enolpyruvate (1, 5, 13, 14, 16, 20, 22, 23) . It seemed probable that the PFK activity in chloroplasts, recently detected in this laboratory (10, 12), might be essential not only for the net conversion of chloroplast starch to triose-P, but also for the regulation of this process. A study of the kinetic and regulatory properties of chloroplast PFK was undertaken accordingly and the results, outlined in this paper, indicate that starch degradation could be controlled at the reaction catalyzed by PFK. [pH 7.7]). The column was washed successively with 50-ml portions of eluting buffer containing 0.17 M NaCl, then 0.25 M NaCl, and lastly 0.30 M NaCl. PFK activity was eluted by 0.25 M NaCl (some further activity could be obtained with 0.30 M); this 50 ml of solution was concentrated over a Diaflo XM-50 ultrafiltration membrane, using 2.5 atm N2, to 7 ml and dialyzed as above. All operations were at 2 to 4 C. The specific activity of chloroplast PFK in this preparation was about 40 times that in the crude extract. The cytoplasmic PFK which is stimulated by Pi (12) was largely separated from the chloroplast enzyme at the ammonium sulfate fractionation (12), and any remaining activity was removed during the ion exchange chromatography (not shown). P-hexose isomerase, glyceraldehyde-3-P dehydrogenase, enolase, adenylate kinase, and phosphatases acting on fructose-6-P, fructose-1,6-P2, Penolpyruvate, and ATP were not detected in the preparation, but P-glyceromutase and glycerate-3-P kinase were present at activities about equal to that of the PFK.
One of the early examples of an enzyme with allosteric regulatory properties is the glycolytic enzyme PFK3 (ATP: Dfructose-6-P 1-phosphotransferase, EC 2.7.1.11) (3, 16, 18) , and investigations of this enzyme from a variety of plant tissues have established that the higher plant PFK is no exception: commonly reported properties include positive and negative cooperativity toward the substrate fructose-6-P, inhibition by ATP when the concentration of this substrate exceeds that of Mg2+, and allosteric regulatory influences by at least 10 metabolites, most notably P-enolpyruvate (1, 5, 13, 14, 16, 20, 22, 23) . It seemed probable that the PFK activity in chloroplasts, recently detected in this laboratory (10, 12) , might be essential not only for the net conversion of chloroplast starch to triose-P, but also for the regulation of this process. A study of the kinetic and regulatory properties of chloroplast PFK was undertaken accordingly and the results, outlined in this paper, indicate that starch degradation could be controlled at the reaction catalyzed by PFK. 1 Assistance from the Deutsche Forschungsgemeinschaft supported these experiments. 2 Present address: Botanisches Institut, Schlof3garten 3, Universitat Miinster, 4400 concentrated over a Diaflo XM-50 ultrafiltration membrane, using 2.5 atm N2, to 7 ml and dialyzed as above. All operations were at 2 to 4 C. The specific activity of chloroplast PFK in this preparation was about 40 times that in the crude extract. The cytoplasmic PFK which is stimulated by Pi (12) was largely separated from the chloroplast enzyme at the ammonium sulfate fractionation (12) , and any remaining activity was removed during the ion exchange chromatography (not shown). P-hexose isomerase, glyceraldehyde-3-P dehydrogenase, enolase, adenylate kinase, and phosphatases acting on fructose-6-P, fructose-1,6-P2, Penolpyruvate, and ATP were not detected in the preparation, but P-glyceromutase and glycerate-3-P kinase were present at activities about equal to that of the PFK.
Assay of Phosphofructokinase Activity. Standard reaction mixtures contained, in a final volume of 1 ml, 50 ,umol glycylglycine-NaOH buffer (pH 7.7), 2.5 ,umol MgCl2, 2.5 ,umol DTE, 1 ,umol fructose-6-P, 0.08 ,umol NADH, 1 unit aldolase, 12 units triose-P isomerase, 1 unit a-glycero-P dehydrogenase, and 20 Al (containing 12 ,ug protein) partially purified chloroplast PFK preparation. Addition of 0.5 ,umol ATP initiated the reaction, and enzyme activity was calculated from the change in absorbance at 340 nm followed with a UNICAM SP1800 295 spectrophotometer and AR25 recorder. The temperature was 22 C. The three auxiliary enzymes were dialyzed for 5 hr before use to remove ammonium sulfate. PFK activity was constant for at least 5 min, and was directly proportional to the amount of preparation added to reaction mixtures.
RESULTS
Effect of Concentration of Substrates. Spinach chloroplast PFK responded to increased levels of fructose-6-P as shown in Figure 1 . The enzyme activity with 6 mm fructose-6-P (not shown) was only slightly greater than that with 1 mm. The sigmoid shape of the curve in Figure 1 (Hill coefficient of 1.7) indicates that a moderate degree of positive cooperativity existed for the interaction between fructose-6-P and the enzyme. Such positive cooperativity has been observed for other plant PFKs (1, 5) and contrasts with the distinctive negative cooperativity first reported for pea seed PFK (14) and subsequently observed with the enzymes from banana fruit (20) , Atriplex spongiosa leaves (22) , and spinach leaf cytoplasm (12) .
Varying the levels of ATP and Mg2" ( PFK activity became greater with increasing concentrations of ATP until the concentration of this substrate was similar to that of Mg2+; further ATP inhibited the enzyme. This observation is consistent with utilization of MgATP2-as the phosphate donor substrate, and inhibition of enzyme activity by free (i.e. uncomplexed) ATP. Quite similar relationships between ATP and Mg2+ concentrations and enzyme activity have been documented for PFK from other plant tissues (1, 5, 13) . Chloroplast PFK had a relatively high affinity for MgATP2-(Km 30 A.M, Fig. 2) . CTP, UTP, and ITP, but not pyrophosphate, could replace ATP, and Mn21 was a substitute for Mg2+.
Influence of pH. The optimum pH for chloroplast PFK activity was 7.7 when assayed with 0.5 mm fructose-6-P (Fig.  3) . However, this optimum was shifted toward pH 7.0 by lowering the fructose-6-P concentration (Fig. 3A) or, more noticeably, by the presence of the inhibitor P-enolpyruvate (Fig. 3B) . The effect of lowering the fructose-6-P concentration is more clearly depicted in Figure 4 . With 0.5 mM fructose-6-P, enzyme activity at pH 8 was 92% of that at pH 7, but with 0.05 mM fructose-6-P the activity at pH 8 was only 38% of that at pH 7. Regulation by Inorganic Phosphate, Glycolate 2-Phosphate, and Phosphorylated Intermediates of Glycolysis. A characteristic feature of chloroplast PFK is the inhibition caused by Pi. At a concentration of 21 mm this anion reduced enzyme activity by 50% (Fig. 5) . This Pi inhibition contrasts with the generally observed stimulation by Pi of other plant PFKs (23) and indeed the spinach leaf cytoplasmic enzyme belongs in the latter category (12) . The ated with this in mind. Pi is also known to relieve effectively the inhibition of PFK by other metabolites (5, 13, 16) and in this regard the chloroplast enzyme appeared not unlike other plant PFKs: the inhibition caused by 20 u.M P-enolpyruvate, for example, was completely reversed by 5 mm Pi (Fig. 5) .
Plant PFK is particularly noted for its sensitivity to inhibition by P-enolpyruvate (13, 22, 23) ; the activity of the pea seed enzyme can be reduced 50% by less than 1 ,LM P-enolpyruvate (13) . Strong inhibition of the chloroplast enzyme by P-enolpyruvate has now been confirmed (Fig. 6 ). In the standard assay, chloroplast PFK activity was inhibited 50% by 17 ,UM P-enolpyruvate, while only 6 ,UM was required to produce an equivalent inhibition when the fructose-6-P concentration was lowered to 0.2 mm (Fig. 6) . However, in the presence of 20 mm Pi, which itself caused about 50% inhibition, there was almost no effect of P-enolpyruvate at concentrations up to 30 uM (Fig. 6) .
It was observed earlier that, in the presence of Pi, pea seed PFK was stimulated by P-enolpyruvate when the ATP concentration was low (13) but, in the present experiments, attempts to detect P-enolpyruvate stimulation of the chloroplast enzyme under similar conditions were without success, possibly because of the somewhat different influence of Pi on the chloroplast enzyme.
Glycerate-3-P and glycerate-2-P are also strong inhibitors of pea seed PFK (23) , and in the present experiments indications that these metabolites inhibit chloroplast PFK were obtained (Fig. 7) . These results are complicated by the presence of Pglyceromutase and glycerate-3-P kinase in the PFK preparation. Nevertheless, it seems most likely that the inhibition seen with glycerate-2-P (Fig. 7A) was authentically due to this compound, and calculation showed that the inhibition observed with glycerate-3-P (Fig. 7B) could not be attributed to the formation of glycerate-2-P, although it is not known what contribution glycerate-1,3-P2, formed from the glycerate-3-P, might have made to the observed inhibition.
Glycolate-2-P can also inhibit PFK. This inhibition was first reported for the enzyme from chloroplasts (11) . Further studies (Fig. 8) have shown that the glycolate-2-P inhibition, like the P-enolpyruvate inhibition (Fig. 3) , is more pronounced at higher pH; glycolate-2-P at 40 UM was sufficient to reduce Concn of P-enolpyruvote (jpM) FIG. 6 . Inhibition of spinach chloroplast PFK activity by P-enolpyruvate and relief of the inhibition by Pi. Reaction mixtures were as described for the standard assay, except that the concentration of fructose-6-P was varied and P-enolpyruvate and Pi were added as shown. chloroplast PFK activity by 50% at pH 8, but at pH 7 more than twice this concentration was required for a similar inhibition. The glycolate-2-P and P-enolpyruvate inhibitions were also similar with respect to their extent of cooperativity (Fig.   9 ). In other experiments (not shown), the inhibition of chloroplast PFK (prepared as described previously [11] ) by 80 ,UM glycolate-2-P was reversed by 10 mm Pi; the relationships between glycolate-2-P, Pi, and enzyme activity were qualitatively similar to those (Figs. 5 and 6 ) between P-enolpyruvate, Pi, and enzyme activity.
A number of other metabolites previously reported to influence the activity of PFK from other tissues (3, 23) were tested for effects on the activity of chloroplast PFK and the results are listed in Table I . As is common with the plant enzyme (23) Concn of glycolate-2-P (.pM) FIG. 8 . Inhibition of spinach chloroplast PFK activity by glycolate-2-P at two pH values. Enzyme activity was determined as described under "Materials and Methods," except that the fructose-6-P concentration was 0.5 mm, the buffer was varied, and glycolate-2-P was added as shown. (4, 17, 19) , the possibility of inhibition by free ATP (Fig. 2) might also be questioned. The strong inhibition by Penolpyruvate, considered feasible and potentially valuable in pea seeds (13) and carrot roots (6) , is currently difficult to imagine while the presence of enolase and P-glyceromutase in chloroplasts has yet to be firmly established. On the other hand, strong inhibition by glycolate-2-P, which is produced by chloroplasts during illumination (9) and which inhibits PFK more effectively at the higher pH present in the stroma of chloroplasts in the light (Fig. 8 [24] ), and the effectiveness of Pi in relieving this inhibition, possibly carry considerable influence for the in vivo regulation of the enzyme. The importance of Pi was recently emphasized by Steup et al. (21) who found that chloroplast starch breakdown in darkness required a concentration of Pi 10 times greater than the optimum (of about 0.25 mM) for starch synthesis in the light.
